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We consider the singlet Majoron model with softly broken lepton number. This model contains
three right-handed neutrinos and a singlet scalar besides the standard model fields. The real part
of the singlet scalar develops a vacuum expectation value to generate the lepton number violation
for seesaw and leptogenesis. The imaginary part of the singlet scalar becomes a massive pseudo-
Majoron to be a dark matter candidate with testability by colliders, direct detection experiments
and neutrino observations.
PACS numbers: 95.35.+d, 14.60.Pq, 98.80.Cq, 12.60.Fr
I. INTRODUCTION
The existence of non-baryonic dark matter [1] in-
dicates the necessity of supplementing the SU(3)c ×
SU(2)L×U(1)Y Standard Model (SM) with new ingredi-
ents. There have been many interesting proposals for the
dark matter. The simplest dark matter candidate seems
to be a scalar phantom [2–4]. It is a stable SM-singlet
and has a quartic coupling with the SM Higgs doublet.
Through its annihilation into the SM particles, the dark
matter scalar can contribute a desired relic density to our
universe. The coupling of the dark matter scalar to the
SM Higgs also opens a window to verify the dark matter
property by colliders and direct detection experiments.
Observations on solar, atmospheric, reactor and accel-
erator neutrinos have established the phenomenon of neu-
trino oscillations [5]. The required massive and mixing
neutrinos also implies the need for new physics beyond
the SM, where the neutrinos are massless. Currently the
seesaw [6] mechanism and its variants [7, 8] are the most
popular scheme for generating the small neutrino masses.
If the neutrinos are Majorana particles, lepton number
must be broken by the neutrino masses. For example, in
the canonical seesaw model [6] the lepton number is ex-
plicitly broken by the Majorana masses of right-handed
neutrinos, which have Yukawa couplings with the SM
lepton and Higgs doublets. The seesaw models also ac-
commodate the famous leptogenesis [9] mechanism to ex-
plain the matter-antimatter asymmetry in our universe.
In this scenario, a lepton asymmetry is first produced by
the lepton number violating interactions for generating
the neutrino masses and then is partially converted to a
baryon asymmetry through sphaleron [10].
In order to understand the lepton number violation for
the seesaw and the leptogenesis, we can consider more
fundamental theories, where the lepton number violation
is induced by spontaneous breaking of a local or global
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symmetry. The simplest proposal is to consider the sin-
glet Majoron model [11], where the global lepton num-
ber will be spontaneously broken after a complex sin-
glet scalar develops a vacuum expectation value (VEV).
The right-handed neutrinos can obtain Majorana masses
through their Yukawa couplings with this singlet scalar.
Associated with the spontaneous symmetry breaking of
the global lepton number, there is a massless Goldstone –
Majoron. The Majoron could become a massive pseudo-
Majoron in some variants of the singlet Majoron model.
For example, in the presence of the Yukawa couplings
of new colored fermions to the singlet scalar, the Ma-
joron could get a tiny mass through the color anomaly
[12, 13]. This Majoron thus becomes a pseudo-Majoron,
which provides a solution for the strong CP problem, as
the global lepton number symmetry now is identified with
the U(1)PQ symmetry [14]. In this paper, we extend the
singlet Majoron model with softly broken lepton num-
ber. We find the induced pseudo-Majoron can account
for the dark matter. Compared with the dark matter
model of the scalar phantom [2–4], the pseudo-Majoron
as the dark matter will not provide new implications on
the collider phenomenology and the direct detection ex-
periments. However, the neutrino fluxes from the decay
of the pseudo-Majoron will induce distinguishable signals
in the future neutrino experiments [15].
II. THE MODEL
We extend the SM with two types of singlets: one is a
scalar and the other contains three right-handed neutri-
nos. As the SM leptons carry a lepton number L = 1, we
assign L = 1 for the right-handed neutrinos and L = −2
for the singlet scalar. Within the renormalizable con-
text, we can write down the lepton number conserving
interactions involving the neutrinos,
LY ⊃ −yνψ¯LφNR −
1
2
hξN¯ cRNR +H.c. . (1)
Here ψL and φ, respectively, are the SM lepton and Higgs
doublets, NR denotes the right-handed neutrinos and ξ
2is the singlet scalar. The lepton number conserving po-
tential of the scalar fields should be
V (ξ, φ) = −µ21ξ†ξ + λ1(ξ†ξ)2 − µ22φ†φ+ λ2(φ†φ)2
+ 2λ3ξ
†ξφ†φ , (2)
where λ1,2 > 0 and λ3 > −
√
λ1λ2 to guarantee the po-
tential bounded from below.
In the Yukawa interaction (1) and the scalar potential
(2), the lepton number is flexible to be either a local or a
global symmetry. In the present work, we are interested
in the global case. It is well known that the spontaneous
symmetry breaking of the global lepton number will in-
duce a massless Majoron. Alternatively, we take into
account the soft breaking of the global lepton number to
make the massless Majoron become a massive pseudo-
Majoron. For simplicity, we only introduce the following
soft term,
Vsoft = −
1
2
µ23(ξ
2 +H.c.) . (3)
Other soft terms such as the Majorana masses of the
right-handed neutrinos can be forbidden by appropriate
discrete symmetries. For example, we can impose a Z4
symmetry under which
φ→ φ , ξ → −ξ , f → if . (4)
Here f stands for the SM fermions and the right-handed
neutrinos.
It is convenient to expand the singlet scalar by two real
scalars,
ξ =
1√
2
(σ + iχ) , (5)
and then rewrite the full potential (2) and (3) in a new
form,
V = −1
2
(µ21 + µ
2
3)σ
2 +
1
4
λ1σ
4 − 1
2
(µ21 − µ23)χ2
+
1
4
λ1χ
4 − µ22φ†φ+ λ2(φ†φ)2 +
1
2
λ1σ
2χ2
+λ3σ
2φ†φ+ λ3χ
2φ†φ . (6)
III. VACUUM EXPECTATION VALUES AND
MASSES OF SCALARS
In order to break the lepton number and the elec-
troweak symmetry, the singlet scalar ξ and the SM Higgs
doublet φ will develop VEVs. For example, with the fol-
lowing parameter choice,
λ2(µ
2
1 + µ
2
3)− λ3µ22
λ1λ2 − λ23
> 0 , (7a)
λ1µ
2
2 − λ3(µ21 + µ23)
λ1λ2 − λ23
> 0 , (7b)
λ1λ2µ
2
3 − λ23µ22
λ1λ2 − λ23
> 0 , (7c)
we find two nonzero and one zero VEVs,
u =
√
2〈σ〉 =
√
λ2(µ
2
1 + µ
2
3)− λ3µ22
λ1λ2 − λ23
, (8a)
w =
√
2〈χ〉 = 0 , (8b)
v =
√
2〈φ〉 =
√
λ1µ
2
2 − λ3(µ21 + µ23)
λ1λ2 − λ23
. (8c)
In consequence, there are three massive scalars
Lm ⊃ −
1
2
(Φ, H, χ)


2λ1u
2 2λ3uv 0
2λ3uv 2λ2v
2 0
0 0 2µ23




Φ
H
χ

 , (9)
where the scalars Φ and H are defined by
σ =
1√
2
(u+Φ) and φ =
1√
2
[
v +H
0
]
. (10)
The mass term (9) clearly indicates that χ has no mix-
ing with Φ and H because of its zero VEV. The VEV
v ≃ 246GeV has been determined for the electroweak
symmetry breaking. We will clarify later the VEV u
should be near the GUT scale as the pseudo-Majoron χ
is expected to be an attractive dark matter candidate.
For such a huge hierarchy between u and v, the mixing
between Φ and H is extremely small so that H can be
identical to the SM Higgs boson. We thus simplify the
mass term (9) to be
Lm ⊃ −
1
2
m2ΦΦ
2 − 1
2
m2HH
2 − 1
2
m2χχ
2 (11)
with
m2Φ ≃ 2λ1u2 , m2H ≃ 2(λ2 −
λ23
λ1
)v2 , m2χ = 2µ
2
3 . (12)
IV. LEPTOGENESIS AND SEESAW
Before the spontaneous symmetry breaking of the lep-
ton number, the right-handed neutrinos don’t have Ma-
jorana masses. Instead, they have Yukawa couplings with
the singlet scalar as shown in Eq. (1). After the singlet
scalar develops its VEV, we can obtain the Majorana
masses of the right-handed neutrinos. At this stage, we
can conveniently derive
L ⊃ −yνψ¯LφNR −
1
2
MNN¯
c
RNR +H.c. (13)
with the definition
MN =
1√
2
hu . (14)
3Clearly, with the Yukawa and mass terms (13), the de-
cays of the right-handed neutrinos can generate a lepton
asymmetry stored in the SM lepton doublets as long as
CP is not conserved [9, 16]. Subsequently the sphaleron
[10] process will partially transfer the produced lepton
asymmetry to a baryon asymmetry which accounts for
the matter-antimatter asymmetry in the universe. We
should keep in mind that through the Yukawa interaction
(1), the right-handed neutrinos not only obtain Majorana
masses MN but also couple to the scalars Φ and χ. The
couplings to Φ and χ will result in some annihilations of
the right-handed neutrinos [17]. For a successful lepto-
genesis, these annihilations should go out of equilibrium
before the out-of-equilibrium decays of the right-handed
neutrinos. Fortunately, in the presence of a huge lep-
ton number breaking scale u ∼ 1016GeV, the Yukawa
coupling h is much smaller than unit for the desired Ma-
jorana masses MN < 10
14GeV so that the annihilations
can be highly suppressed.
The interactions (13) also accommodates the seesaw
solution to the small neutrino masses. After the elec-
troweak symmetry breaking, the SM neutrinos νL can
obtain Majorana masses,
Lm ⊃ −
1
2
mν ν¯Lν
c
L +H.c. . (15)
The neutrino mass matrix mν is given by the seesaw [6]
formula,
mν = −mD
1
MN
mTD with mD =
1√
2
yνv , (16)
where mD is the Dirac mass matrix between the left-
and right-handed neutrinos. For MN < 10
14GeV, the
neutrino masses can be naturally small with mD being
at the weak scale.
V. PSEUDO-MAJORON AS DARK MATTER
From the Yukawa interaction (1), we can derive the
coupling of the pseudo-Majoron to the right-handed neu-
trinos,
L ⊃ − i
2
√
2
hχN¯ cRNR +H.c. . (17)
Since χ is expected to be the dark matter, its lifetime
should be long enough. For this purpose, we consider
the case of mχ ≪ MN , which can be easily achieved by
taking proper parameter choice. In this case, the pseudo-
Majoron will decay into the SM particles through the
virtual right-handed neutrinos. Conveniently, we can in-
tegrate out the heavy right-handed neutrinos to derive
the effective couplings of the pseudo-Majoron to the left-
handed neutrinos,
Leff = i
mν
2u
χν¯Lν
c
L
(
1 +
H
v
)2
+H.c. . (18)
If the pseudo-Majoron is in the TeV region, its decay
width will be dominated by the two-body decay into the
left-handed neutrinos,
Γχ =
1
16pi
Tr(m†νmν)
u2
mχ =
1
16pi
Σimˆ
2
ν
i
u2
mχ , (19)
which, in turn, gives the lifetime,
τχ =
1
Γχ
=
(
0.01 eV2
Σimˆ
2
ν
i
)(
u
5.5× 1015GeV
)2(
1TeV
mχ
)
×1026 sec . (20)
It is straightforward to see the lifetime can be very long
for a huge lepton number breaking scale.
As a successful dark matter candidate, its relic density
should be consistent with the cosmological observations
[1]. It has been studied by many people [2–4] that a sta-
ble SM-singlet scalar with a quartic coupling to the SM
Higgs doublet can serve as the dark matter because it
contributes a desired relic density through the annihila-
tions into the SM particles. In the present model, the
pseudo-Majoron χ also has a quaric coupling with the
SM Higgs,
V ⊃ λ3χ2φ†φ⇒ λ3vχ2H +
1
2
λ3χ
2H2 . (21)
This means the unstable pseudo-Majoron χ with a very
long lifetime definitely can play the role of the dark mat-
ter. Note for a sizable λ3, the present symmetry breaking
pattern, i.e. u ∼ 1016GeV ≫ v ≃ 246GeV, requires a
large cancelation between λ3u
2 and µ22 so that λ3u
2−µ22
can be of the order of v2.
The coupling of the pseudo-Majoron χ to the SM Higgs
H not only determines the dark matter relic density but
also opens a window for the dark matter detection [2–
4]. For example, the Higgs H can mostly decays into
the dark matter χ so that the dark matter is possible to
find as a missing energy at colliders such as the CERN
LHC. Furthermore, through the t-channel exchange of
the Higgs H , the dark matter χ will result in an elas-
tic scattering on nucleons. Therefore its property can be
verified by the dark matter direct detection experiments.
Actually, such a type of scalar dark matter can well ex-
plain the recent CDMS-II [18] discovery [4]. On the other
hand, the pseudo-Majoron χ couples to the right-handed
neutrinos NR. This makes the dark matter χ unstable.
Although the dark matter decays are highly suppressed
by the huge lepton number breaking scale, it can pro-
duce sizable neutrino fluxes which are sensitive in the
next generation of neutrino experiments [15].
VI. SUMMARY
In the singlet Majoron model, there would be a mass-
less Majoron associated with the spontaneous symmetry
breaking of the global lepton number. In this paper, we
4extend the singlet Majoron model with the softly broken
lepton number so that the massless Majoron can become
a massive pseudo-Majoron. We demonstrate that this
pseudo-Majoron can be a dark matter candidate with in-
teresting implications on the collider phenomenology, the
dark matter direct detection experiments and the future
neutrino observations.
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